Young's modulus (E) values published in the literature for the eutectic Pb37/Sn63 and near eutectic Pb40/Sn60 solder alloy vary significantly. One reason for this discrepancy is different testing methods for highly rate sensitive heterogeneous materials, like Pb/Sn alloys, yield different results. In this paper, we study different procedures used to obtain the elastic modulus; analytically, by single crystal elasticity and experimentally by ultrasonic testing and nanoindentation. We compare these procedures and propose a procedure for elastic modulus determination. The deformation kinetics of the Pb/Sn solder alloys is discussed at the grain size level. Ó
Introduction
Eutectic and near eutectic Pb/Sn solder alloys are the most commonly used interconnect materials in microelectronic packaging. In the microelectronics industry it is widely accepted that reliability of a package is assessed by the integrity of solder joints in it. Computational mechanics is extensively used to simulate thermomechanical reliability of these solder joints. During the analysis stage elastic modulus is probably one of the most influential material constants as an input. A small change in elastic modulus value changes the results significantly.
It is very well known that, in the literature, Young's modulus value (E) varies significantly for eutectic and near eutectic Pb/Sn solder alloys. Intrinsic (time-independent) Young's modulus values of 9-48 GPa have been reported in the literature (Basaran and Chandaroy, 1998; Dasgupta et al., 2001; Dun, 1975; Frear et al., 1995; Hacke et al., 1997; Knecht and Fox, 1990; Zubelewicz, 1993; Frear et al., 1994; Harper, 1970; Pecht et al., 1999; Guo et al., 1991; Bonda and Noyan, 1996; Ling and Dasgupta, 2000) . In computational mechanics analysis, results vary significantly if 9 GPa is used instead of 48 GPa. In this paper, our goal is to investigate this variation and to come up with a criterion for measuring and selecting Young's modulus for eutectic and near eutectic Pb/Sn solder alloys. We believe that, to the best of our knowledge, there is no published research in this subject other than the one by Adams (1986) .
The study of thermomechanical fatigue failure of the solder joints in electronic packaging is an Mechanics of Materials 34 (2002) [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] [362] www.elsevier.com/locate/mechmat important field for the reliability of the packages. The solders are designed to maintain the mechanical, electrical and thermal connection between the substrates of the electronic packaging. Once there is any crack initiation or damage in the solder joint, the whole package is considered failed. In microelectronics industry experience with field returns show that the failure is more likely to occur in the solder joint than in the substrates under normal use conditions.
The material used as solder for the electronic packaging is near eutectic 60Sn/40Pb or eutectic 63Sn/37Pb solder alloy. Pb/Sn solder alloy is a highly rate sensitive heterogeneous material with a low melting point (183°C), hence during service it is operating at high homologous temperature. Pb/ Sn solder alloy has good wetting characteristics and adheres well to copper and nickel. The structure of the alloy is non-homogeneous and deforms heterogeneously. Furthermore the size effect and microstructural evolution plays an important role in the deformation of this alloy (Morris et al., 1994) .
Quite a few researchers have developed constitutive models to simulate the stress-strain response of the Pb/Sn solder alloys (Adams, 1986; Basaran and Chandaroy, 1998; Basaran and Chandaroy, 1997; Basaran and Tang, 2002; Chandaroy and Basaran, 1999; Dasgupta et al., 2001; Dasgupta et al., 1992; Rhode and Swearengen, 1980; Frear et al., 1995; Hacke et al., 1997; Kashyap and Murty, 1981; Knecht and Fox, 1990; Lau et al., 1987; Pan, 1991; Riemer, 1990; Subrahmanyan et al., 1989; Zubelewicz, 1993; Guo et al., 1991; Ling and Dasgupta, 2000; Wong et al., 1997; Tang and Basaran, 2001 ) and many others. The values of elastic modulus researchers use in these publications vary between 9 and 48 GPa.
The measurement of elastic modulus is quite complicated for highly rate sensitive microstructurally evolving materials. In the literature several methods have been used to measure the elastic modulus of eutectic and near eutectic Pb/Sn solder alloys, such as monotonic uniaxial extension, simple shear, initial unloading of a stress-relation, cyclic loading and ultrasonic testing. The results of this study indicate that MTS Nano Indenter XP system with continuous stiffness measurement (CSM) and ultrasonic testing yield results in the vicinity of single crystal elasticity bound theorem values. Other techniques, such as uniaxial extension and simple shear, published in the literature yield elastic modulus values much smaller than bound theorem values. This research also shows that voids in microelectronic solder joints can significantly influence the observed intrinsic elastic modulus value.
Microstructural characteristics of Pb/Sn solder alloy
At typical cooling rates used by the microelectronics manufacturers, the microstructure of the solder consists of isolated and successive Pb islands embedded in the Sn matrix, with classic eutectic microstructure. As cast eutectic and near eutectic Pb/Sn alloy has a very high surface area per unit volume and therefore it is a thermodynamically unstable material. Microstructure of Pb/Sn alloy evolves into a more coarser or more equiaxed grain like structure by straining, aging and thermal effects in order to minimize its surface energy (Morris et al., 1994) . Under a microscope, grains with different size and arbitrary boundary can be observed. The macromechanical behavior of the solder is attributed to the behavior of these grains, the local mechanism, in the deformation. The local features include grain boundary sliding, grain rotation, void growth and coarsening. The influence of these local features to the macrobehavior is time dependent and size scale dependent.
Microstructural coarsening occurs throughout the life of the solder, and has been found to affect the damage initiation. There is a grain growth process that takes place in Pb/Sn solder alloys due to two reasons. One is due to temperature and second one is due to strain. Callister (1999) states that after recrystallization is complete the strainfree grains will continue to grow if the metal specimen is stored at an elevated temperature. This phenomenon is called grain growth. As grains increase in size the total boundary area decreases, yielding a reduction in the total energy, this is the driving force for grain growth. Grain growth occurs by migration of grain boundaries. Large grains grow at the expense of the small ones. Boundary motion is diffusion of atoms from one side of the boundary to the other side of the boundary. Fig. 1 shows the scanning electron microscope (SEM) images of the solder joint microstructure before thermal cycling, where average grain size is 3.017 lm. Fig. 2 shows the SEM images for the same solder joint after 300 thermal cycles, where the grain size is 5.23 lm. Each thermal cycle range varied from 0 to 75°C with a 42 min period after each cycle.
Grain boundary sliding and grain rotation can cause stress concentrations at grain boundary or at triple point junction and a corresponding decrease of stress in the interior of individual grain. But as time goes on, these stresses will relax, and the relaxation rate is dependent on its viscosity. These stresses will also cause void nucleation and growth.
The mechanism of the void nucleation and growth in Pb/Sn solder alloys is still not very well understood (Morris et al., 1994) .
The initial material properties of solder depends on manufacturing process and its solidification rate, thus they vary with the size, location, thermal treatment, grain size and interface metallurgy of solder joint. Solder mechanical properties change during service due to microstructural evolution process. Therefore, microstructural evolution process can contribute to the variation in published elastic modulus values.
In practice it is difficult to produce void-free solder joints. Usually voids, which form during manufacturing, are much larger than grain size. Fig. 3 shows Moir e e interferometry images of a Ball Grid Array package. Black circles, the fringeless areas in the middle of the solder joints, are the voids, where no strain develops. Solder joints in Fig. 3 are the ball like figures in the middle row, they are 500 lm in height. Voids in the solder joint are much larger than 3-5 lm grain size (Basaran and Wen, submitted) .
Single crystal elasticity and bounding theorem
When tension testing is used to determine Young's modulus for Pb/Sn, significantly different results are obtained for each strain rate of loading, due to time-dependent deformation. Due to its low melting point, Pb/Sn solder is at high homologous temperature (0:65T m ) point even in the room temperature. Thereby, uniaxial extension test is dominated by high creep strain even at very low stress levels. One of the things we noticed in our literature survey is that researchers who use uniaxial extension tests to obtain elastic constant always report a very low value of elastic modulus compared to others. Therefore, using uniaxial extension test for determining intrinsic (timeindependent) Young's modulus for Pb/Sn alloy is unacceptable. Yet, this process is commonly reported in the literature (Westinghouse Defence and Space center, 1968; Riemer, 1990; Pecht et al., 1999; Guo et al., 1991; Wong et al., 1997; Lau and Chen, 1997 ) and many others.
Pb/Sn solder is a two phases alloy, in order to obtain the bounds of Young's modulus (E) we will use the Hashin and Shtrickman (1963) bounding theorem using single crystal elastic constants for individual phases and we follow the procedure proposed by Adams (1986) . Young's modulus of the individual phase is estimated from single crystal elastic constants, which were determined from ultrasonic testing by Hellwege and LandoltBornstein (1979) , Henkel and Pense, 2002 .
The first step is calculating the bound of bulk (k) and shear moduli (l) of pure tin. The elastic stiffness of a single crystal tetragonal is given by 
where C ij is the elastic moduli of the material. Voigt and Reuss bounds for polycrystalline materials are used to calculate the shear and bulk moduli. Voigt upper bounds are obtained by averaging the single crystal elastic stiffness overall space, and Ruess lower bounds are obtained by similarly averaging the single crystal elastic compliances that are the inverse of stiffness.
The Voigt upper bounds are given by
where k V is the bulk moduli and l V is the shear moduli and A, B, C are given by
The Reuss lower bounds are given by
where ½S ¼ 1=½C. Elastic modulus is calculated by using the elasticity relationship Table 1 presents the upper and lower bounds of elastic modulus for tin phase.
The second step is calculating the moduli of pure lead. As the lead is a cubic metal, the single crystal stiffness matrix is given by 
The Simmons and Wang (1971) bounds are used to calculate the shear moduli for pure lead. The lower bound is
The upper bound is
where
For cubic metal, the bulk moduli can be determined by the equation:
The upper and lower bounds of the elastic modulus of lead are presented in Table 2 . Finally, upper and lower bounds of the elastic modulus for Pb/Sn alloy can be obtained by Hashin and Shtrickman (1963) method. Using the index a to denote tin, b to denote lead, and v to indicate volume fraction the bounds of moduli for Pb37/Sn63 solder can be calculated as follows:
Upper and lower bounds can be averaged to obtain an arithmetical average value. Table 1 Hashin-Strickman elastic modulus bounds for tin phase Table 2 Upper and lower elastic modulus bounds for lead phase And finally the Young's modulus for Pb/Sn can be calculated using Eq. (10) Following the procedures presented above, the upper and lower bounds for the Young's modulus of eutectic and near eutectic Pb/Sn alloy was calculated and presented in Tables 3 and 4 .
Nano-indentation technique
Instrumented indentation testing (IIT) with a nano-indenter is relatively new form of mechanical testing. Known as depth-sensing indentation, it collects the indentation load-displacement data. Based on these data, it can measure the material properties such as hardness, Young's modulus, yield stress, creep properties at very small-scale (micron) specimens Doerner and Nix, 1986; Nix, 1997 . Nano-indentation is very helpful for microelectronics packaging systems, because of size effect on material properties. By testing specimens the same size as the actual system itself the size effect is eliminated. Bonda and Noyan (1996) have shown very effectively that at small-scale material properties can be significantly different than bulk material. With the development of IIT, the advantage of this method becomes significant for measuring the material properties at small scale or thin films. Using a MTS Nano Indenter XP Young's modulus of the electronic packaging solders joints can be measured in actual packages rather than on bulk solder specimens.
CSM feature in nano-indenter allows measuring material properties at very fast strain rates, up to 0.2/s. When CSM feature is used during testing, the stiffness is measured continuously by superimposing a small high frequency oscillation on the primary loading signal and analyzing the resulting response of the systems by means of a frequency specific amplifier. In this case the rate of loading/ unloading is indeed very high.
A schematic of the indentation process for an axisymmetric indenter of arbitrary profile is shown as Fig. 4 . Fig. 5 shows a section through an axisymmetric indentation.
With MTS Nano Indenter XP unit with CSM system intrinsic elastic modulus can be determined by the following relations (Hay and Pharr, 2000) 
where S is the slope of the unloading curve, A is the projected contact area at that load, E r is the reduced elastic modulus, and b is a constant dependent on the geometry of the indenter. For the MTS Nano Indenter XP which uses a Berkovich tip, b ¼ 1:012. Berkovich indenter tip has a threesided pyramid shape (see Fig. 6 ). It has a centerline-to-face angle a of 65.3°, projected area of 24:56d 2 (d is the indentation depth), and volume depth relation of 8:1873d 3 . For example, when the tip penetrates 1 lm into the specimen the projected are is 24 lm 2 , which is much larger than 3 lm grain size. Therefore nano-indenter penetration is sufficient to obtain consistent material properties in solder joints tested in this study. As a matter of Table 3 Bounds for Young's modulus of Pb37/Sn63 at different temperatures Table 4 Bounds for Young's modulus of Pb40/Sn60 at different temperatures fact penetration usually continues until modulus value does not change by depth anymore. Fig. 6 show picture of an indentation. The width and depth of the surface after polishing was about 350 lm. The size of indentation was about 25 lm 2 . Therefore edge effect can be ignored.
The reduced modulus E r is used to account for the fact that elastic displacement occurs in both the indenter and sample. The elastic modulus of the tested material, E, is calculated by
where m is the Poisson's ratio for the tested material, and E i and m i are the elastic modulus and Poisson's ratio of the indenter respectively. For the purpose of calculating E and H, the contact stiffness S and the projected contact area A at that load must be accurately obtained. The most widely used method for deriving the contact area was developed by Oliver and Pharr (1992) . This method begins with fitting the unloading portion of the load-displacement data to the power-law relation:
where B and m are empirically determined curve fitting parameters, and h f is the final displacement after complete unloading (see Fig. 5 ). The contact stiffness is established by analytically differentiating Eq. (24) and evaluating the result at the maximum depth of penetration, that is
Having established the theoretical framework of measuring the Young's modulus (E). We can see that the only factor that will affect the test result is the projected contact area A. 
Sample preparation
Hay and Pharr (2000) indicate that surface roughness is extremely important in IIT, because mechanical properties are calculated from the contact depth, and contact area function on the presumption that the surface is flat. Thus, the allowable surface roughness depends on the anticipated magnitude of the measured displacement and tolerance for uncertainty in the contact area. The greatest problems are encountered when the characteristic wavelength of the roughness is comparable to the contact diameter. In this case the contact area is underestimated for valley and over estimated for peaks. For metallographic specimens, ASTM E 380 provides the specimen preparation guidelines. In this work ASTM E 380 (1983) specimen preparation procedure was followed for all the specimens A, B and C.
Solder joints in actual microelectronic packages in three different packages from three different major US semiconductor manufactures were tested. All packages contain Pb37/Sn63 eutectic solder joints. Solder joints that were tested were actual products, not test vehicles. We will refer to these solder joints as A, B and C, where each letter refers to solder joints from a different manufacturer.
Each solder joint has approximate height of 500 lm. In our testing program we tested a control group of solder joints from each manufacturer A, B and C. In this paper only the results for a representative joint is presented for each manufacturer. Variation in material properties among the solder joints from the same manufacturer was <5%. In  Figs. 7-12 we present material response for a representative from each sample group A, B and C. Fig. 7 shows the elastic modulus (GPa) for solder joints in specimen A as a function of Berkovich tip penetration depth. Going beyond the final depth shown in the figure did not change the E value obtained, hence penetration is terminated. For each testing multiple penetration points were used. Different elastic modulus values at the same penetration depth in Fig. 7 account for different testing points in the solder joint. Fig. 8 presents load-displacement curve for solder joint A. Young's modulus is obtained from unloading portion of load-displacement curves. Negative portion of the displacement in to the surface axis in Fig. 8 is due to uncontrollable features in the MTS data post-processing software.
Figs. 9-12 show the elastic modulus (GPa) as a function of penetration (nm) and load-displacement (penetration) curves for solder joints B and C, respectively. In the nano-indentation testing Berkovich tip penetration varied from 5000 to 8000 nm. Penetration is terminated when the material response becomes stable. In other words, going deeper than shown depth did not change the results. Using different penetrations for Pb/Sn solder joints is a must due to voids in them.
The average Young's modulus of specimen A is E A ¼ 11:79 GPa, of specimen B is E B ¼ 38:64 GPa, and for specimen C is E C ¼ 37:32 GPa. Using the bounds theorem, we obtained the bounds for Young's modulus of Pb37/Sn 63 at 22°C as
It is obvious that specimen A has an elastic modulus 1=3 of the specimen B and C. This latter discrepancy is, we believe, due to the fact that specimen A had large voids, see Figs. 2 and 3. On the other hand, we did not observe any voids in specimen B and C. We do realize the fact that using solder joint specimens with voids in them may not make any sense to a reader unfamiliar with electronic packaging. It should be pointed out that in the microelectronic packaging it is more common to have solder joints with voids than void-free joints. In the microelectronics industry it is very well known that it is very difficult to make uniform solder joints with no voids in them. Therefore including an actual solder joint from a real package with voids was intentional. The reason for voids is usually air bubbles trapped in solder paste during reflowing process.
The indentation depth dependence of elastic modulus observed in this work agrees very well with results published by Begley and Hutchinson (1998) .
Ultrasonic testing
In a solid continuum the elastic modulus and the material density define the speed of wave along the length of a bar;
where V is velocity of waves in a medium, E is elastic modulus, and q is density.
Due to simple relationship between elastic modulus and speed of compression wave in a material, ultrasonic testing is used for measuring elastic modulus of materials. Because loading is applied instantaneously there is no time for creep deformations. Therefore additional deformations from creep are very low compared to other methods. Simmons and Wang (1971) published ultrasonic test data of Pb40/Sn60 solder alloy. Results are shown in Fig. 13 . Ultrasonic testing yields elastic modulus values higher than upper bound for temperatures below 295 K and it gives modulus values between the lower and upper bounds for temperatures above 295 K. ultrasonic testing yields modulus values slightly higher than upper bound at temperatures below 295 K and values within the bounds at temperatures above 295 K. Nano-indenter CSM provides elastic modulus of Pb37/Sn63 values slightly below the lower bound of E L ¼ 37:74 GPa for sample C E C ¼ 37:32 GPa and within the bounds for sample B E B ¼ 38:64. Sample A Young's modulus value E A ¼ 11:79 GPa is significantly lower than the bounds theorem. It should be pointed out that in order to crow the figure upper and lower bounds for Pb37/Sn63 are not shown. Upper and lower bounds for Pb40/Sn60 are shown to compare it with ultrasonic data. Elastic modulus measurements obtained by all other methods consistently yield much smaller values than bound theorem using single crystal elasticity constants. Because in tension test (or shear test) total observed strain includes elastic and time-dependent creep strain components, as a result, elastic modulus value is smaller. If one can subtract the influence of timedependent creep response from the total observed response during testing they should be able to get the same elastic modulus value as they would get from single crystal elasticity or ultrasonic testing. But, at small strain rates this may be difficult.
Comparison and discussion
In ultrasonic testing and nano-indenter testing the loading rate is very high (0.2/s) compared to uniaxial extension (or shear testing) which is usually around 10 À2 to 10 À5 therefore, there is very little creep deformation that takes place during the testing process.
Another reason for significant difference between modulus values obtained from tension and compression type tests could be the behavior of voids in the material, which respond differently in tension and compression. In our nano-indenter testing it is obvious that E B and E C are very close to the lower bound for Young's modulus of Pb37/Sn63 alloy obtained from the bounds theorem. Hay and Pharr (2000) and Oliver and Pharr (1992) state that with MTS nano-system elastic modulus can usually be determined within À=þ10% of the analytical value. Yet, E A is much smaller than the analytical value.
One reason for variation in elastic modulus values among solder joints that were tested with nano-indenter could be the cooling rate used by the manufacturers. During manufacturing different cooling and heating histories yield different microstructures. Cooling rate determines the grain size and microstructure of a solder joint. Kashyap and Murty (1981) , Tang and Basaran (2001) and Basaran and Chandaroy (1998) have presented influence of grain size/microstructure on the behavior of Pb/Sn solder alloys in great detail. Hence the reader is referred to these references for further information. It is well known that grain size and grain boundary surface area in a given volume of any alloy can influence the mechanical properties.
As we mentioned above, the projected contact area A is the only factor that will affect the accuracy of the result in nano-indenter testing. The presence of the voids in solder joint will influence the calculation of the projected area. The basic assumption of IIT is that the area function is continuous. When the indenter is drifting into the specimen, if there is a void, a jump will occur to the function. It will overestimate the value of projected contact area A, and then the Young's modulus will be small.
It should be pointed out that elastic modulus values measured in this work are time-independent intrinsic values. If one conducting thermal cycling analysis, which occurs over a long time period, would result in apparent modulus (the measured modulus which includes time-dependent creep behavior) being lower than the intrinsic modulus. Hence the behavior should be separated into timeindependent and time-dependent parts. Any analysis assuming that the intrinsic modulus is the correct one for a complete time-dependent analysis would not be acceptable, more in depth study of this subject can be found in Basaran and Chandaroy (1998) , Chandaroy and Basaran (1999) , Tang and Basaran (2001) and Basaran and Tang (2002) .
Conclusions
Based on comparisons presented in Fig. 13 it is obvious that there is a significant discrepancy in elastic modulus values obtained by different methods. For a stress analysis obtaining elastic modulus values from any reference without knowing how it was obtained can lead to serious errors in the computational stress analysis. Because of its high strain rate sensitivity and inhomogenous medium, intrinsic elastic modulus for eutectic and near eutectic solder joints must be obtained by ultrasonic testing or nano-indentation. Even when one of these testing techniques is used elastic modulus value could vary due to microstructural differences and void ratio. Therefore for computational stress analysis of Pb/Sn solder joints elastic modulus should be obtained from an actual manufactured microelectronic package using a nano-indenter or ultrasonic tester.
